The increase in the number of manufacturers of 125 I sources used in prostate brachytherapy has generated many questions in the radiation oncology community. In this investigation, the physical and dosimetric characteristics were evaluated for the following sources listed by marketing company and source model: Nycomed-Amersham 6711 ͑OncoSeed͒, Nycomed-Amersham 6702, Mentor IoGold, UroMed Symmetra, Imagyn IsoSTAR, UroCor, ͑PSA, Mallincrkrodt͒ ProstaSeed, Syncor PharmaSeed, SourceTech Medical, ͑BARD͒ 125 Implant ͑BrachySource͒, Med-Tec I-Plant, Best Medical Model 2301, DraxImage BrachySeed, and International Brachytherapy, Inc. ͑IBT͒ InterSource 125 . The investigation examined the differences in design, construction, and the dosimetric characteristics created from each source. The dosimetric characteristics of the new sources were compared to that of the Amersham 6711 source. Parameter studies have led to the development of a simple equation that can be used to clinically convert the standard 6711 source strength to an equivalent strength of a new source.
I, dosimetry

I. INTRODUCTION
This article investigates the physical and dosimetric properties of eleven commercially available 125 I sources intended for use in prostate brachytherapy. With the increasing number of manufacturers and sources clinically available, many questions have surfaced. The most commonly asked questions are:
͑1͒ What source do I use or would want to use? ͑2͒ What are the physical and dosimetric characteristics of a particular source? ͑3͒ Are the sources different? If so, how do they differ? ͑4͒ Do the physical characteristics affect the source strength? ͑5͒ How do I compare existing source dosimetric data with new source dosimetric data? ͑6͒ What activity ͑source strength͒ do I use when planning with a particular source? ͑7͒ How do I evaluate the new sources being introduced?
These are important questions. Some of the questions will not be addressed in this article. It is the intention of the authors that the data presented here will help in the evaluation of the referenced sources and present an approach that the reader can use to evaluate new sources when they are introduced in the future. The study was not designed to determine which source is the best, but rather to inform the radiation oncology and urology communities of the physical and dosimetric characteristics for the many sources available.
II. BACKGROUND
The external designs of the 125 I sources appear to be similar. However, in investigating the characteristics of the source differences become quite apparent.
A. Dosimetric characteristics
The AAPM Radiation Therapy committee recommends that each new brachytherapy source have a thorough and redundant dosimetric characterization before it is clinically used. The committee recommends that each manufacturer have at least one ͑preferably two͒ independent series of dosimetric measurements and one Monte Carlo dosimetric study performed to confirm the dosimetric characteristics. 1 All of the sources' dosimetric characteristics are reported according to the Task Group-43 ͑TG-43͒ recommendations. 2 Yet there is no protocol or standard on how to make measurements that characterizes a source. Even with the TG-43 report, there are no universal standards specifying the distances or angles where measurements should be taken. This makes source data comparison difficult as different researchers have used different methods.
The data presented in this article will be the dose rate constant, ⌳, anisotropy factor, an , anisotropy function, F(r,), radial dose function, g (r) , and the fifth-order polynomial for g (r) .
The PharmaSeed, 125 Implant, and InterSource 125 source data presented in this investigation are Monte Carlo simulation results. The IoGold, ProstaSeed, Model 2301, and I-Plant source data are measured ͑TLD and ion chamber͒ data. The 6711, 6702, IsoSTAR, Symmetra, and BrachySeed source data are a combination of measured and Monte Carlo data.
New source data published by the manufacturers often reference and compare their sources to the NycomedAmersham 6711 and 6702 sources that have the longest history of clinical use and therefore are considered the benchmarks for the industry. Since the 6711 and 6702 sources have very different internal physical characteristics, manufacturers of new sources are able to select which source design best resembles their source for comparison.
Manufacturers often reference their source being dosimetrically similar to that of the Nycomed-Amersham 6702 source, yet the minimum available source strength is 5 mCi and is not used with the current permanent transperineal technique. The source will be used in the article as a reference for physical and dosimetric characteristics.
B. Physical characteristics
The physical characteristics of the sources can be divided into ͑a͒ the actual physical construction of the source; ͑b͒ the source imaging visualization properties; and ͑c͒ the distribution of the radioactivity within the internal core of the source. Figure 1 illustrates the cross sectional view of each source. Tables I and II describe the elements in each design. There are two distinctly different source design types. Regarding the physical design of the internal core of the source, two types of designs have been used: ͑a͒ Rod/Wire/Cylinder and ͑b͒ Sphere. The internal physical design characteristics are used to aid in the visualization of the sources on a fluoroscopic, radiographic or CT image.
Four different types of materials have been used for the construction of the internal core of the sources: ͑a͒ Resin, ͑b͒ Ceramic, ͑c͒ Glass, ͑d͒ High-Z materials. The distribution of the I-125 within the internal core of the source is either: ͑a͒ Ab គsorbed throughout the internal core ͑i.e., volume distributed͒, ͑b͒ Ad គsorbed across the surface of the internal core of the source ͑i.e., surface distributed͒.
III. COMPARISONS
Dosimetric characteristics of each source type were estimated through measurements and calculations. Measurements were made using TLDs, film, ion chambers, and diodes. Calculations were performed with various Monte Carlo software programs and using various and differing photon interaction coefficient data. Monte Carlo results are intended to provide the manufacturer with a set of reference dosimetry parameters for which the experimental measurements can be confirmed. 3 The values of the measured data for the 6711, 6702, and Symmetra sources are systematically higher than the Monte Carlo calculations. The percent differences ranged from 1.2% to 2.9% for the dose rate constant. The Symmetra source data showed that the Monte Carlo calculations underestimate the dose rate constant by 2.9% and under estimates the anisotropy and radial dose function as well.
The Monte Carlo calculations for the IsoSTAR and PharmaSeed sources were higher than the measured data. The percent differences ranged from 3.2% to 4.3% for the dose rate constant. 4, 5 When measurements were performed in a phantom, a correction factor was applied to correct for differences between the phantom and liquid water. These correction factors were consistent with those published by Luxton 6 and Williamson 7 using Monte Carlo calculations to predict corrections between Solid Water™ and liquid water. Tables III and IV show the dosimetric characteristics for each of the sources and the method in which the values were determined. The table includes the updated dose rate constants for the sources that have been updated.
A. Radial dose function, g"r…
The radial dose functions, g(r) were evaluated for radii ranging from 0.1 to 14.0 cm. Typically, the measured data was taken at 0.5 cm intervals beyond 1 cm, whereas the calculated data was computed at 0.1 cm intervals to 1 cm and at 0.5 cm intervals from 1 cm out to 14 cm. [2] [3] [4] [5] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The Symmetra, I-Plant, 125 Implant, and BrachySeed sources have radial dose functions that average 1.5% higher at 1.5 cm and 22% higher at 6 cm than the 6711 source. The commonality between these sources is the ceramic material used for the construction of the internal core of the source.
Sources of this construction demonstrate a photon spectrum essentially that of the I-125 decay scheme. The contribution of characteristic x rays from internal components is minimal. The characteristic x rays generated from the gold visualization marker inside the Symmetra source are L Iab ϭ14.35 keV, L IIab ϭ13.73 keV, L IIIab ϭ11.9 keV, L ␥1 ϭ13.3 keV, L ␤2 ϭ11.58 keV. 12, 13, 18 The characteristic x rays generated from the silver visualization marker of the I-Plant and the silver doped inside the glass of the BrachySeed are K ab ϭ25.517 keV, K ␤2 ϭ25.45 keV, K ␤1 ϭ24.942 keV, K ␣1 ϭ22.16 keV, K ␣2 ϭ21.98 keV. 18 With the silver inside the source and the I-125 absorbed throughout the ceramic substrate of the source the attenuation from the silver on the photon spectrum is minimal and the characteristic x ray contribution is minimal. With the exception of the 125 Implant having the I-125 adsorbed onto the copper skin covering the ceramic internal core, the I-125 is absorbed throughout the internal core of the sources. 14 The 6702 and IoGold sources also have radial dose functions that average 1.2% higher at 1.5 cm and 10% higher at 4 cm than the 6711 source. The sources with a resin substrate have a photon spectrum from the I-125 decay scheme. The IoGold source has 2 Gold-Copper markers in the center of the sources for visualization. 7, 10, 18 The characteristics x rays generated from the gold ͑80%͒/copper ͑20%͒ markers inside the IoGold source are L Iab ϭ14.35 keV, L IIab ϭ13.73 keV, L IIIab ϭ11.9 keV, L ␥1 ϭ13.3 keV, and L ␤2 ϭ11.58 keV from the gold and K ab ϭ8.98 keV, K ␤2 ϭ8.97 keV, K ␤1 ϭ8.90 keV, K ␣1 ϭ8.047 keV, and K ␣2 ϭ8.047 keV from the copper. Detectable characteristic x rays generated due to the gold and copper have energies generally less than 12 keV. In phantom, these spectral components have no clinical significance and in air kerma determinations may be removed by judicious filtration. 19 The Monte Carlo programs used for calculations ignore less than about 10 keV photons. 20 The 6702 source has no high Z material in the source to attenuate the photon fluence or significantly alter the photon spectrum.
InterSource 125 source has a radial dose function that is 2.9% higher at 1.5 cm and 37% higher at 6 cm than the 6711 source. The source is hollow in the middle making the organic matrix which the I-125 is coated onto wrap around the inside tube of the hollow source at each end of the source and around a Platinum-Iridium marker located in the middle of the source. The source has a photon spectrum from the I-125 decay scheme. The inside tube, I-125 bands, and Platinum-Iridium marker is encapsulated by an outside tube welded at each end. The Platinum-Iridium marker is used for source visualization. 17 The characteristic x rays generated from the Platinum-Iridium marker inside the source are
94 keV, and L ␤2 ϭ11.58 keV from the Platinum and
51 keV, and L ␤2 ϭ10.92 keV from the Iridium. Detectable characteristic x rays generated due to the platinum and iridium have energies generally less than 12 keV. In phantom, these spectral components have no clinical significance and in air kerma determinations may be removed by judicious filtration. 19 The Monte Carlo program used for the calculations of the InterSource125 source ignored energies less than about 4.5 keV photons. 17 IsoSTAR, Model 2301, PharmaSeed, have radial dose functions that substantially match the 6711 source. Radial dose functions of these sources average 2.5% lower at 1.5 cm and 2.5% lower at 5 cm. The ProstaSeed source is 5.7% lower at 1.5 cm and 10% lower at 5 cm. The commonality between these sources is the material used for the construction of the internal core of the source is of a high atomic number and that all of the I-125 is adsorbed onto the surface of the core. The 6711, IsoSTAR, ProstaSeed have a silver internal core, PharmaSeed has a palladium internal core and Model 2301 has a tungsten internal core. 2, 4, 5, 8, 9 The characteristic x rays generated from the silver of the 6711, IsoS-TAR, and the ProstaSeed sources is K ab ϭ25.517 keV, K ␤2 ϭ25.45 keV, K ␤1 ϭ24.942 keV, K ␣1 ϭ22.16 keV, K ␣2 ϭ21.98 keV. The characteristic x rays generated from the palladium of the PharmaSeed source is K ab ϭ24.35 keV,
The characteristic x-ray spectral components can be considered identical among sources having silver ͑6711, IsoSTAR, ProstaSeed͒ or palladium ͑PharmaSeed͒ cores. For these sources, the net spectrum contains the characteristic x rays and those of the I-125 decay scheme. The Model 2301 has a tungsten characteristic x-ray spectrum of
28 keV, and L ␤2 ϭ9.59 keV. The Model 2301 characteristic x rays have no significant effect on the photon spectrum and the source emits an essentially pure I-125 decay scheme spectrum. Thus, in sources having high-Z internal components, the photon spectrum may be significantly softened thereby reducing both the photon fluence and the penetration. For a unit contained activity, this affects the values of the air kerma strength ͑and therefore͒ the dose-rate constant, and radial dose function.
In accord with the practice in the TG-43 report, the radial dose functions for each source design have been fit to a fifth order polynomial either by the manufacturer or one of sev- eral treatment planning system vendors. Tables III and IV show the radial dose function values and the fifth order polynomial for each source design. Figures 2 and 3 show a graphical comparison of the radial dose functions.
B. Anisotropy function, "F"r,……
The anisotropy function, F(r,), for each source was calculated according to the recommendations of the TG-43 report. Each manufacturer reported their two-dimensional anisotropy functions, F(r,), at various radial distances ranging from 0.25 to 7 cm.
The Symmetra, 125 Implant, I-Plant, and BrachySeed have anisotropy values within Ϯ10% of the 6711 source between 30 and 90 of the transverse axis. [12] [13] [14] [15] [16] The range of anisotropy values is between 0.414 and 0.734 at the longitudinal end of the source for the sources with a ceramic internal core. The BrachySeed has the most isotropic of the ceramic internal core sources. 16 The source's only weld is in the middle of the source eliminating the photon fluence attenuation problem inherent in end weld sources. The 125 Implant source has the most pronounced anisotropy characteristics of all the I-125 sources. 14 The anisotropy value at the longitudinal axis is 0.414, increases to 0.64 at 2 degrees then decreases to 0.551 at 7 degrees and then increases uniformly to 90 degrees. The source is within Ϯ10% of the 6711 source between 10 and 90 degrees.
The 6702, IoGold, and InterSource 125 sources have an anisotropy value within Ϯ10% of the 6711 source from 30 to 90 degrees. 2, 10, 17 The significant variation between the two resin sources occurs at the longitudinal end of the source. The 6702 source has an anisotropy value of 0.528 where the IoGold source has a value of 0.722. The InterSource125 source has an anisotropy value between that of the IoGold and 6702 source with a value of 0.656. This is a result of the InterSource125 source having a hollow core thus reducing the end thickness difference resulting in attenuation of the photon fluence through the end cap out to about 30 degrees.
The 6702 source has an end thickness of 0.5 mm and the IoGold source has an end thickness of 0.15 mm. There exists a similarity between the IoGold and the 6702 sources anisotropy values at 50 and 60 degrees, where for both sources, the values of F(r,). Both values decrease and then increase. The PharmaSeed source mimics the 6711 source from 10 to 90 degrees. 4 The ProstaSeed source parallels the 6711 source within Ϯ15% from the longitudinal axis to 90 degrees. 8 With an end thickness of 0.5 mm and silver sphere diameters of 0.64 mm the IsoSTAR is the most anisotropic source. 5 This is a result of oblique filtration from the large surface area of the spheres and through the end welds. Model 2301 is the most isotropic of all the I-125 sources currently available. 9 The source is a double encapsulated source with a total wall thickness of 0.14 mm. The anisotropy is assumed to be symmetrical about both ends of the source even with two different end designs. It has an anisotropy value of 0.85 along the longitudinal axis and increases to 1 at 90 degrees. The significant differences found in the anisotropy functions among the sources may be the result of the differences in the internal core substrate material, end cap thickness', source geometry, and the internal distribution of the activity. Figure 4 shows the anisotropy functions plotted for a radius of 2 cm.
C. Average anisotropy factor, " an "r…… and anisotropy constant " an … For each source design, the average anisotropy factor, an (r) has been calculated from the anisotropy functions, 
D. Dose rate constant, ⌳
The dose rate constant, ⌳, was measured in solid phantoms with factors to convert the data to liquid water and or was calculated in liquid water using Monte Carlo simulation methods. The dose rate constants presented here are in terms of the 1999 and 2000 NIST calibration standards. 21, 22 The reported values for the dose rate constants ranged from 0.94 to 1.06 cGy/hr/U. Tables III and IV show the dose rate constants for each source design and as provided by each manufacturer.
E. Dose rate comparison
To illustrate the difference in the sources, a point dose calculation was been performed with source strength of 1 U along the transverse axis of the source to determine the appropriate source strength for each source. At 1 cm the sources dose rates ranged from 0.836 to 1.031 cGy/hr/U ͑8.31% lower than the 6711 source and 13.1% higher than the 6711 source͒.
The Symmetra, 125 Implant, and BrachySeed sources have dose rates that are between 5%-8% higher than the 6711 source at 1 cm and 27%-36% higher at 5 cm. The I-Plant sources which has the same internal core substrate as the Symmetra, 125 Implant, and BrachySeed has a dose rate 1.3% higher at 1 cm, 22% at 5 cm and 17% at 7 cm.
IoGold and 6702 have dose rates that are within 2% of each other between 1 and 4 cm while being about 9% higher than the 6711 source at 1 cm. The IoGold increases 20% over the 6702 and 40% over the 6711 source at 7 cm.
The InterSource 125 source has a dose rate that is 6.3% higher than the 6711 source at 1 cm. The InterSource 125 increases to 15% over the IoGold source and both sources increase to 40% over the 6711 source at 7 cm.
IsoSTAR, PharmaSeed, and Model 2301 sources have dose rates that parallel the 6711 source. The IsoSTAR source has an average dose rate of 9.5% lower, Model 2301 source 17.21% higher, and PharmaSeed source 4.23% higher than the 6711 source. The ProstaSeed source has a dose rate that decreases more quickly than the 6711 out to 4 cm and then equals the 6711 source at 7 cm. Tables V and VI show dose rate values between 0.5 and 7 cm. Figure 5 shows the graphical representation of the dose rate along the transverse axis.
F. Adsorbed vs absorbed radioactivity distribution within source
The manner in which the radioactivity is distributed inside the internal core of the source has a significant effect on the Implant, Model 2301, and InterSource 125 sources each are designed with the radioactivity adsorbed onto the surface of an internal element or elements of the source. 2, 4, 5, 8, 9, 14, 15 The 6702, Symmetra, IoGold, I-Plant, and BrachySeed sources each are designed with the radioactivity absorbed throughout the internal element or elements of the source. 2, 3, [10] [11] [12] [13] 15, 16 There are significant spectral differences between the two types of radioactivity distributions. The energies of primary photons from 125 I sources are 27.4, 31.0 and 35.5 keV. 2, 7, 19, 23 With the radioactivity adsorbed onto the internal core of the source, the average energy of the energy of the x-ray spectrum is decreased as a result of characteristic x rays generated from interactions as well as the attenuation of the photon fluence from and through the internal core of the source. The 6711, ProstaSeed, and IsoSTAR sources, each having silver in the internal core of the source, have fluorescent x rays resulting from the interaction of 125 I x rays with the silver that reduce the average energy of the unit source from 28.4 to 27.4 keV. 24 With the characteristics of palladium being very similar to silver, the average energy of the PharmaSeed source is also reduced from 28.4 to 27.4 keV. The Model 2301 source is different than the other adsorbed sources in that there are no characteristic x-rays produced in the I-125 range that significantly contribute to the energy spectrum. The characteristic x rays that are generated are in the L-series and are absorbed by the titanium capsule making the average energy of the source 28.4 keV and dosimetrically more like source designs having I-125 absorbed in low Z and low-density internal elements.
The 6702, and IoGold, Symmetra, I-Plant, and BrachySeed sources have the radioactivity absorbed throughout a low-density and low Z composite material ͑resin, ceramic, glass͒. The resulting energy spectrum is essentially due to the I-125 decay scheme, with an average energy of 28.4 keV. These sources are thus more penetrating than the adsorbed types above. The I-Plant radioactivity arises from neutron activation of xenon implanted into the glass surface using a dry process. The remaining sources are manufactured using radioactive materials directly, in a ''wet'' chemical process involving solutions of 125-I. The sources with low density, low Z materials emit photons with an average energy of about 28.4 keV, making them more penetrating than sources of the adsorbed type designs.
The significance in the differences between the adsorbed and absorbed sources is apparent on inspection of the dose rate constants and the anisotropy values. The average dose rate for the adsorbed source designs is 0.927 cGy/hr at 1 cm, about 6% lower than the value, 0.983 cGy/hr, for the absorbed source designs. The differences in dose and in the anisotropy values at the end of the source may be a result of the radioactivity distribution within the source, end thickness', as well as the internal design source material. These same factors affect the geometry function specific to each source design.
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G. How to determine the appropriate source strength for a source
The source strength required to deliver a prescribed dose to a point or volume is dependent on the physical and dosimetric characteristics of the source. Numerous authors have described how to use the dose from a single source and from multiple sources have been used to compare implants. 26, 27 The difference in the doses for the single and multiple source calculations was used to determine the source strengths needed to deliver the prescribed dose. The distance from the source͑s͒ is a very important factor when comparing sources with different radial dose functions as shown in Fig. 5 .
In this investigation the one-dimensional TG-43 equation ͓Eq. ͑1͔͒ was used to compare the dose rates for each source. Tables V and VI show the results of the dose rate for each source, using the 6711 model as the reference source. In evaluating the means to determine an appropriate source strength for a given source design, the dose rate was calculated for several radial distances ranging from 0.3 and 1.5 cm.
It was found that calculating the dose rate at 1 cm provided the best approximation to determine the source strength for each source design. Equation ͑2͒ was derived from Equation ͑1͒ with the respect to the dose rate at 1 cm of the Nycomed-Amersham 6711 source.
To verify the hypothesis, retrospective patients with 125 I CT post implant films were used to investigate the calculated source strengths and the differences with respect to the Nycomed-Amersham 6711 source. The prostate volumes, source locations, and calculation matrices were not modified between plans. Implant descriptors identified by the ABS ͑American Brachytherapy Society͒ were used to compare the plans. 28 The following quantifiers recommended by the ABS were used to compare the CT post-plans for each source: ͑1͒ D 100 ,D 90 ,D 80 ; the dose that covers 100%, 90%, and 80% of the prostate respectively, ͑2͒ V 200 ,V 150 ,V 100 ,V 90 ,V 80 ; the fractional volume of the prostate that receives 200%, 150%, 100%, 90%, and 80% of the prescribed dose, respectively. These Dosimetric and Volumetric quantifiers were determined from the calculated cumulative dose volume histo- gram generated for each plan for each source.
The post implant films showed that the calculated source strengths from Equation ͑2͒ generated a maximum standard deviation of 2.872 cc for the V 150 and a minimum standard deviation of 0.822 cc for the V 150 volumetric quantifiers. A maximum standard deviation of 519.33 cGy for the D 90 and a minimum standard deviation of 272.6 cGy for the D 90 dosimetric quantifier were calculated. The V 150 and D 90 quantifiers were mentioned because they are ones that authors have recognized to relate to patient outcome. Table VII shows the appropriate source strength for each source.
IV. CONCLUSION
This report investigates the physical and dosimetric characteristics of several of the 125 I sources available for use in interstitial brachytherapy implants. The investigation showed that there are physical design and dosimetric differences among the sources.
The internal core of the sources is based on the physical design, the internal composition, and the distribution of the radioactivity with in the internal core of the source. The two physical design types are of ͑a͒ rod-cylinder-wire design, and ͑b͒ sphere design. Depending upon the source model, the composition of the internal core may consist of ͑a͒ Resin, ͑b͒ Ceramic, or High Z materials. The radioactivity is distributed throughout the internal core of the source by way of being either adsorbed or absorbed.
The dosimetric properties are quite different for the different sources. Dose rates ranged from Ϫ8.3% to ϩ13.1% between sources with reference to the 6711 source at 1 cm. The differences in the dosimetric characteristics between the sources also a result of the method by which the source characteristics are measured. The Monte Carlo simulation programs provides more measurement points allowing for a more detailed representation of the anisotropy factors and radial dose functions. The accuracy of such results depends largely on the sophistication of the model used to represent the source under simulation. Direct measurement, using film, TLD, or ionization chambers, is often limited in spatial resolution and by dosimetric correction factors specific to each type of physical dosimeter. This is one reason that the AAPM specifies multiple evaluations of new sources' dosimetry in phantom, including Monte Carlo simulation. 1 The results of this report indicate that clinically significant differences can be reduced to the dose rate at a single point ͑1 cm from the source͒. Hence, the effective source strength of the new sources can be calculated using Eq. ͑2͒. The onedimensional dose calculation formalism of TG-43 underlies our results, although we may expect the results to remain unchanged when employing the TG-43 two-dimensional calculation model.
Finally and not investigated in this report but of clinical utility are source visibility and signature in radiographs. The imaging properties of each source should be investigated by the medical physicist and physician under fluoroscopy, on planar radiographs, and on CT studies. In this way, local variations in imaging technique are assessed with respect to brachytherapy source visibility in radiographic images. The medical physicist should discuss the differences in the source characteristics ͑physical, dosimetric, and radiographic͒ with the physician before using the source clinically.
V. DISCLAIMER
At the time of publication some of the sources have not been clinically tested, and thus the data presented in this investigative article might change. It is the responsibility of the medical physicist to contact the source manufacturer for complete specifications and dosimetric characteristics before clinically implementing source data into a treatment planning system. 
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